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Abstract
This paper elaborates on an intrinsically quantum approach to gravity, which begins
with a general framework for quantum mechanics and then seeks to identify additional
mathematical structure on Hilbert space that is responsible for gravity and other phenom-
ena. A key principle in this approach is that of correspondence: this structure should
reproduce spacetime, general relativity, and quantum field theory in a limit of weak gravi-
tational fields. A central question is that of “Einstein separability,” and asks how to define
mutually independent subsystems, e.g. through localization. Familiar definitions involving
tensor products or operator subalgebras do not clearly accomplish this in gravity, as is seen
in the correspondence limit. Instead, gravitational behavior, particularly gauge invariance,
suggests a network of Hilbert subspaces related via inclusion maps, contrasting with other
approaches based on tensor-factorized Hilbert spaces. Any such localization structure is
also expected to place strong constraints on evolution, which are also supplemented by the
constraint of unitarity.
∗ Email address: giddings@ucsb.edu
1. The quantum mechanics first approach
A profound challenge for modern fundamental physics is to find a theory of gravity
consistent with quantum reality. Various attempts to quantize gravity have met with
serious difficulties. But, an alternate approach is to begin with the goal in mind and
consider what structure an intrinsically quantum-mechanical theory should have in order
to describe gravity. Indeed, the rigidity of quantum mechanics suggests that the need for a
theory to fit within quantum mechanics could be tightly constraining, and thus provide a
new direction which is supplemented by other important clues that we already have about
the quantum nature of gravity.
Such a “quantum-first” approach to gravity has been advocated in [1-3], and also
recently by Carroll and collaborators[4-6], and will be elaborated further here.1 In con-
trast, previous approaches have started with a classical theory, such as general relativity
(GR), and attempted to apply a set of rules to quantize the theory. These approaches have
encountered vexing problems: at first that of non-renormalizability, but perhaps more pro-
foundly, also the problem of respecting the basic quantum principle of unitarity, when one
accounts for black hole formation and decay. Similar comments can be made regarding
attempts to quantize strings; this seems to avoid non-renormalizability but still has not
resolved the “unitarity crisis” associated with black holes. The troubles with attempts to
quantize gravity suggest taking a different tack – that of “geometrizing” quantum mechan-
ics.
While it is certainly conceivable that we would have to alter quantum mechanics to
describe gravity, a worthy and well-motivated goal is thus to investigate whether gravity
can be described in an inherently quantum-mechanical framework. (If that is not possible,
this is also critical information.) A starting point here is a suitably general framework for
quantum mechanics. For example, ref. [9-12] proposed a “generalized quantum mechanics,”
but this is still too closely tied to the notion of quantizing a classical theory and is not
sufficiently general. This motivated a proposal[1] for the essential postulates of quantum
mechanics – those of “universal quantum mechanics” (UQM). In brief, as outlined in
[1], these are the existence of a linear space of states with an inner product (“Hilbert
space”), and the existence of linear hermitian operators that are interpreted as providing
quantum observables; the postulates include unitarity, e.g. the S-matrix, in appropriate
1 For an earlier but somewhat different approach to describing quantum structure for gravity,
see [7,8].
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circumstances. Of course, additional structure needs to be furnished to describe a complete
and specific quantum theory.
Such a quantum-first approach has precedent in one approach to understanding local
quantum field theory (LQFT). LQFT can be regarded as the solution to a problem, that of
reconciling the postulates of quantum mechanics with the additional postulates of special
relativity and of spacetime locality. Specifically, one seeks to describe a Hilbert space with
a privileged role for local observables, and with an action of the Poincare´ group. Defining
local operators requires introducing additional structure, that of Minkowski space. Part of
the lore taught in some LQFT classes and books is that LQFT, e.g. via the introduction
of Fock space, is the unique way to build a quantum-mechanical theory implementing
these additional principles. The key principle of locality is encoded in the fact that local
operators commute outside each-other’s light cones, an important structural aspect to
which we will return.
In seeking an intrinsically quantum description of gravity, an important guide is there-
fore that of needing to provide an additional mathematically consistent structure within
general principles of quantum mechanics. This clearly is not enough guidance, but is
supplemented by another key principle[13,3]: that of correspondence. Specifically, in weak
gravity regimes we know that a more fundamental theory must match onto LQFT together
with weak gravitational phenomena which may be treated in an expansion in the gravi-
tational coupling G that matches perturbative GR; there is abundant evidence for this in
current experimental physics.
The need for a mathematical structure within UQM and to satisfy correspondence
provide a tight set of constraints – hopefully not too tight to be reconciled. These provide
twin guiding lights in approaching quantum-first gravity.
A key question, then, is what kind of mathematical structure is needed on Hilbert
space, to satisfy these requirements in an economical fashion. And, a first critical ingredi-
ent in any such structure appears to be a basic definition of subsystems of the quantum
system. The importance to physics of a division into subsystems was recognized by no
less than Einstein, who wrote2 “Further, it appears to be essential for this arrangement of
the things introduced in physics that, at a specific time, these things claim an existence
independent of one another, insofar as these things ‘lie in different parts of space.’ Without
such an assumption of the mutually independent existence (the ‘being-thus’) of spatially
2 Ref. [14]; for translation of relevant passages see [15].
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distant things, an assumption which originates in everyday thought, physical thought in
the sense familiar to us would not be possible. Nor does one see how physical laws could
be formulated and tested without such a clean separation.”
This notion of separability or independence, implemented through a subsystem divi-
sion, appears crucial, and despite being rather subtle in gravity, is simply assumed in var-
ious current approaches to physics. For example, one proposal is that spacetime “emerges
from entanglement[16,17].” However, a notion of entanglement relies, first, on a notion of
division of a system into subsystems; it may be easily illustrated that for a given quantum
state, different such divisions lead to either zero or nonzero entanglement. Related com-
ments apply to entropies based on entanglement. Transfer of information, or entanglement
(see, e.g., [18]) also requires division into subsystems between which transfer occurs. Or,
it has been argued that complexity plays a key role in gravity[19]. However, as we will
discuss, definition of such complexity is relative to a subsystem division. More generally,
other attempts to give a set of postulates for quantum mechanics often begin with a fac-
torization postulate associated with the definition of subsystems – see e.g. postulate zero
of [20].
In Einstein’s description, separability arises from spatial separation, and indeed this
gives the basis for a definition of subsystems in LQFT. Specifically, in LQFT, a natural
notion of subsystem arises from networks of subalgebras of observables associated with
spacelike-separated neighborhoods.3 As described above, such subalgebras of operators
will commute, and these subalgebras may be naturally thought of as defining subsystems,
e.g. because these operators may act to “create particles” in an independent fashion.
Thus, the underlying spacetime manifold and the locality that it induces plays a key role
in defining separability and subsystems in LQFT.
The key question for quantum-first gravity is then what analogous mathematical struc-
ture on Hilbert space allows description of separability and subsystems. As we will review
below, locality commutativity of observables fails[22,23] in a theory respecting the corre-
spondence principle with weak-field (or classical) GR;4 ironically, in a quantum treatment
of Einstein’s gravity, Einstein’s reliance on locality fails. The even more familiar notion of
Hilbert space factorization is also problematic, and so other structure is apparently needed.
3 For further discussion see [21,3]. Concretely, examples of operators in the subalgebra are
field operators smeared against test functions with support restricted to the neighborhood.
4 As described below, this also connects with proposals for the importance of “soft quantum
hair” on black holes [24].
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If such a structure is found, providing a network of subsystems, then that plausibly
serves as a quantum replacement for the role of classical spacetime, which then no longer
exists as a precise concept, in the theory. Instead of starting with a classical geometry
and quantizing, we instead begin with quantum mechanics (Hilbert space) and attempt
to find correct structure that approximately reduces to spacetime in the correspondence
limit. The foundation provided by such a “gravitational substrate” on the Hilbert space
is expected to be a key element in the formulation of the theory, and of course to have
important implications – as does spacetime locality in LQFT – for other aspects of the
theory such as quantum evolution.
2. Gravitational subsystems and constraints from correspondence
We face the problem of giving a mathematical description of independent subsystems
that is valid in a theory which matches onto LQFT plus perturbative weak-field GR in the
correspondence limit. This correspondence plays an important role. Specifically, whatever
structure is present in the fundamental theory should be approximately present in the
perturbative limit, and conversely, known aspects of the perturbative limit should corre-
spond to approximations of the structure, e.g. in a perturbative expansion, of the more
fundamental theory. And already, in this perturbative expansion, gravity indicates novel
mathematical structure.
To see this, we first consider in more detail how subsystems are defined in other
familiar theories. Of course in finite quantum systems, or locally finite ones such as a
lattice theory, subsystems are defined in terms of a tensor factorization of the Hilbert
space, e.g. corresponding to degrees of freedom at different lattice sites. This structure is,
however, at odds with Lorentz invariance, and this problem is expressed in the statement
that the von Neumann algebras of observables that one encounters in field theory are type
III.5 Physically this means that there is a problem of infinite entanglement of degrees of
freedom if we try to define subsystems separated by a spatial boundary; Lorentz invariance
implies that there are entangled degrees of freedom at all scales, and this manifests itself
for example in divergences in the corresponding von Neumann entropy of a region.
This obstacle to factorization explains the preceding statement that subsystems in
LQFT should instead be thought of as defined via commuting subalgebras[21,3]. In fact,
5 See [25], and for review [26].
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these subalgebras form a “net,” which closely mirrors the structure of the underlying space-
time manifold[21]. Specifically, to each open spacetime neighborhood is associated a subal-
gebra, with those associated to spacelike-separated neighborhoods commuting. Moreover,
these subalgebras properly combine when we take a union of neighborhoods, or restrict
if we consider an intersection of neighborhoods, reflecting the topological structure. This
provides a foundation for localization of information in LQFT.
Even weak gravity provides new obstructions to such a definition. A primary one arises
from gauge invariance, which is diffeomorphism invariance in the correspondence limit, and
the statement that observables must be gauge invariant. Local operators are not gauge
invariant, since diffeomorphisms move them to a different location. A local operator at
G = 0 can however be perturbatively promoted to a gauge-invariant operator[22]6 in an
expansion in κ =
√
32πG, but the “dressing theorem” of [23] shows that this operator
must have non-trivial gravitational dressing extending to infinity. These operators can
be determined by the condition that they commute with the gravitational constraints.
Colloquially, field operators create particles, but in gravity a particle is inseparable from
its gravitational field extending to infinity.
As a consequence, one perturbatively has dressed operators Φ(x) associated to a lo-
cation, but in general[29,30,22]
[Φ(x),Φ(y)] 6= 0 (2.1)
for spacelike x − y. The necessary dressing obstructs an algebraic definition of localized
subsystems. In principle, the gravitational field at the distance of the Andromeda galaxy
must change if even one atom is added to Earth. The locality of LQFT is an idealization
that is no longer true in gravity, and an important question is what replaces it.
Since at leading order in κ the dressing may be localized to a thin “gravitational
line” extending to infinity[22], one might think that it is possible to at least algebraically
describe subsystems associated to narrow neighborhoods extending to infinity. But, even
this appears problematic, when one works to higher order in κ.7 The reason for this[3]
is that [Φ(x)]N (or a regularized version) creates N particles, with N times the energy of
6 For previous related work, see [27,28].
7 Note, however, that one regularization of a gravitational line is to smear it over a cone
extending to infinity, and moreover that in classical GR one can show that even at higher-orders
gravitational fields can be localized to conical regions as one approaches infinity[31]. This provides
evidence that such gravitational dressings can be consistent at higher orders in κ.
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one particle. At the nonlinear level, we expect that as N grows, the operator must create
a gravitational field in an ever-larger region; colloquially, in the limit N → ∞, it creates
an infinitely large black hole, escaping any region to which it was initially restricted.
In fact, we have a related expectation of the non-perturbative gravity theory, namely
that there are a finite number of allowed quantum states in a given region, and that this
number scales with an area surrounding the region. That is another way of saying why
[Φ(x)]N |0〉, where |0〉 is the vacuum, must be associated to a growing region as N increases.
Of course the fact that the non-perturbative theory is expected to have only finitely many
states associated to a region na¨ıvely suggests that one has returned to the locally-finite case,
where subsystems correspond to tensor factorizations (see e.g. [32]), but closer examination
of gravitational properties suggest a more subtle gravitational regularization of locally
infinite behavior such that this is not precisely the case.
In short, it is not clear that gravitational subsystems may be defined by either tensor
products or commuting subalgebras – gravity indicates different structure, which begins
to appear even at leading order in κ.
So, we can ask whether there is any sensible definition of a “localized subsystem” in
gravity. More colloquially, we would like to understand if there are localized gravitational
qubits, that correspond to non-trivial information (e.g. “up” or “down”) that is inaccessible
outside a region, or more generally, is inaccessible to a given class of operators. Initially,
we address this at the perturbative level.
A key point in addressing this is to notice that while diffeomorphism-invariant opera-
tors must be gravitationally dressed, there is a wide latitude in how they are gravitationally
dressed. The main constraint, in the example of an asymptotically flat situation, comes
from the need for the gravitational dressing to express the Poincare´ charges of the matter
configuration. This suggests that if different matter configurations can be found in a given
region with the same Poincar´e charges, then there are consistent gravitational dressings
for these such that they cannot be distinguished outside the region.
First, let’s understand such structure at κ = 0, in LQFT. This can be described
in terms of a splitting.8 Specifically, given a neighborhood U and a bigger “ǫ-extended”
neighborhood Uǫ, it is a general result that in LQFT one can find a split state |Uǫ〉 so that
for operators A and B contained in the subalgebras associated to U and the complement
region U ′ǫ, respectively,
〈Uǫ|AB|Uǫ〉 = 〈0|A|0〉〈0|B|0〉 ; (2.2)
8 See, e.g., [21], and references therin.
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that is, the state |Uǫ〉 removes correlations between operators inside U and outside Uǫ.
We would like a similar structure for κ 6= 0, but the dressing prevents it from being
identical. Specifically, if we dress A to give Aˆ, then the dressing extends outside Uǫ and
can be detected by operators in U ′ǫ. But, in seeking a notion of independent subsystem,
we can ask whether there can be different operators Aˆα with the same dressing outside Uǫ,
so that the states Aˆα|Uˆǫ〉 (with the split state also dressed) are indistinguishable outside
Uǫ. If so, then these states are good candidates for the states of a localized subsystem, and
address the need for independent subsystems via a localization similar to that described
by Einstein.
The limitations on localization of algebras suggest that we instead focus on states.
We thus seek a Hilbert subspace of states HiUǫ so that for two states |ψ, Uǫ〉, |ψ˜, Uǫ〉 ∈ HiUǫ
and any operator B localized outside Uǫ,
〈ψ˜, Uǫ|B|ψ, Uǫ〉 = 〈ψ˜, Uǫ|ψ, Uǫ〉〈i|B|i〉 , (2.3)
where the matrix element of B only depends on the Hilbert space label i. This means
B cannot distinguish the different states in HiUǫ , which thus give a generalized notion of
localized gravitational qubits. Such a definition of a “gravitational split structure” was
given in [33], and also has a gauge-theory analog.
The question of whether it is possible to find states and dressings with such split
structure was preliminarily addressed in [33], beginning at the classical level. Specifically,
for a given classical matter distribution in U , it was shown that one may choose the
gravitational field to be of a standard form outside U , that just depends on the total
Poincare´ charges Pµ, Mµν of the distribution. This standard field could be taken to be a
gravitational line, as in [22], or alternately as a linearization of the Kerr solution, together
with a boost.9
Unpublished work[36] has begun to extend this to the quantum level. In particu-
lar, one may show that, to linear order in κ, given a state |ψ, Uǫ〉 localized to Uǫ, it
may be provided a “standard dressing” so that states with identical matrix elements
9 Here we make contact with a generalization of the Corvino-Schoen gluing theorem[34,35] to
the case with sources[33]. This theorem states that given initial vacuum initial data, one may find
new initial data that agrees with the original data in a compact region, but matches a boosted
Kerr solution outside large enough radius.
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〈ψ˜, Uǫ|Pµ|ψ, Uǫ〉, 〈ψ˜, Uǫ|Mµν |ψ, Uǫ〉 are indistinguishable to linear operators in the met-
ric perturbation from flat space, localized outside Uǫ. Specifically, with the perturbation
defined as gµν = ηµν + κhµν , and with y ∈ U ′ǫ
〈ψ˜, Uǫ|hµν(y)|ψ, Uǫ〉 = 〈ψ˜, Uǫ|Pλ|ψ, Uǫ〉 h˜λµν(y) + 〈ψ˜, Uǫ|Mλσ|ψ, Uǫ〉 h˜λσµν (y) (2.4)
for some standard gravitational fields h˜λµν(y) and h˜
λσ
µν (y) which may be taken to be line-like
or Kerr.
A conjecture is that this structure extends to more general non-linear operators lo-
calized outside Uǫ, at least perturbatively, yielding a split gravitational structure (2.3)
associated to Uǫ.
10 Notice that localized matter states cannot be taken to be eigenstates
of Pµ and Mµν , since these generate translations and Lorentz transformations which will
not leave such a distribution invariant; moreover, in the quantum theory these generators
do not commute. This means that in general these localized states have nontrivial distri-
butions of momentum and angular momentum/boost charge; the goal would be to divide
these into equivalence classes with the same matrix elements for non-linear operators in
hµν that are localized outside Uǫ. It remains to be seen if this is possible; if not that indi-
cates a more subtle and non-trivial form of gravitational nonlocalization, at higher order
in κ.
So far we have just given an approach to defining a division of one subsystem from the
bigger system. However, our ultimate goal is a mathematical structure on Hilbert space
that describes the network of all possible subsystems. We have reviewed the statement
that in LQFT the net of subsystems arising from operator subagebras mirrors the structure
of the spacetime manifold. So, in quantum-first gravity, identification of an analogous net-
work provides a candidate for the gravitational substrate, which is the quantum structure
replacing spacetime for quantum gravity.
Some of the structure of such a network, which has features implied by behavior of
gravity, can be briefly described, though more complete exploration is left for later work.
First, a Hilbert space HiUǫ of states indistinguishable outside Uǫ is naturally mapped by
inclusion into the full Hilbert space,
HiUǫ →֒ H . (2.5)
10 For gauge invariance, these operators should also be dressed; e.g. analogues to Φ(x) may be
used.
8
Moreover, if Uǫ is contained in a larger neighborhood, Uǫ ⊂ U ′ǫ, we expect an inclusion
HiUǫ →֒ Hi′U ′ǫ . (2.6)
However, there should not be an HiUǫ for each Uǫ. For example, if we considered a neigh-
borhood that was smaller than the Planck length ∼ κ (e.g. in the original background
metric), then any non-trivial states in this neighborhood have energies E > 1/κ and thus
produce a strong gravitational field extending well beyond the neighborhood. This is one
of the ways that gravity leads to a coarser structure than that of the spacetime.
Likewise, for a larger Uǫ, not all na¨ıvely-allowed labels i are in fact allowed. For
example, if we consider states of LQFT in Uǫ with energy 〈E〉, there is a correspond-
ing Schwarzschild radius R(〈E〉) = 2G〈E〉 (with obvious generalization to the higher-
dimensional case), and energies such that this radius exceeds the size of the neighborhood
lead to strong gravitational fields extending beyond the neighborhood.11 A parameteriza-
tion of this kind of limitation is the locality bound of [29,30,37], which states when the
LQFT description of states together with perturbative gravity fails, namely when a state
is confined to a region with size r <∼ R(〈E〉).12 Indeed, [22] explicitly checked that in the
two-particle case, this bound parameterizes when the violation of commutativity, (2.1),
becomes O(1), signaling the failure of the LQFT description.
Similarly if we have a separated pair of neighborhoods Uǫ, U
′
ǫ, we expect an inclusion
map of the form
HiUǫ ⊗Hi′U ′ǫ →֒ H . (2.7)
However, again this structure is restricted by the locality bound, so that if the combined
states in the two regions produce an R(E) bigger than the separation between the regions,
a simple description of the inclusion fails. Of course, one of the questions for the future is
the behavior of the network in these limiting, strong-gravity, regimes.13
Such a network of Hilbert space inclusion maps clearly serves as a possible gravita-
tional alternative to the LQFT net of subalgebras, providing a proposed candidate for the
gravitational substrate.
Another open question is whether the network structure just described will extend to
the full non-perturbative theory. To see one of the issues, note that states or operators
11 For the ultra-boosted case, this condition must be appropriately modified.
12 Note that, unlike entropic bounds, this bound involves energy localized in a region.
13 A possibly related structure has been described in [38].
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satisfying the constraints may be translated by any finite distance by operators that have
only asymptotic support. This is because, given a solution of the gravitational constraints,
the momentum operators can be written in terms of integrals of the metric perturbation
at infinity; a similar argument can also be given for anti de Sitter space[39]. So, for a
gauge-invariant operator Φ(x) such as we have described,
e−ia
µPµΦ(x)eia
µPµ = Φ(x+ a) , (2.8)
with Pµ an integral involving the metric at infinity. This expression requires the full
exponential, and all orders in the dressing, in order to be true[33]; moreover, the momentum
operators scale as 1/κ when written in terms of the metric perturbation hµν . And, of course
if we were trying to measure the field through a gauge-invariant operator that is distant
from x, that operator would be likewise translated through such conjugation. So, plausibly
the structure does extend, but that remains for further investigation.
3. Contrast with other approaches
One widely-discussed recent approach to quantum gravity is that of “ER=EPR,” or,
more generally the idea that spacetime is built up from entanglement[16,17]. From the
present viewpoint, this approach can be criticized. First, as was noted, entanglement
is something that is defined relative to a subsystem decomposition. And, it is precisely
spacetime, or the analogous structure of a gravitational substrate on the Hilbert space,
that defines a subsystem decomposition to begin with. To see the first point, consider the
classic example of entanglement – an EPR pair, in a state |Φ±〉 = (|0〉|1〉 ± |1〉|0〉)/√2,
with entanglement entropy ln 2. Of course, here it is implicit that we are working on a
four-dimensional Hilbert space, spanned by states |0〉|0〉, |0〉|1〉, |1〉|0〉, |1〉|1〉 arising from
the obvious subsystem division. But, an equally good basis for the space, ignoring this
subsystem division, is the set of states |Φ±〉 and |Ψ±〉 = (|0〉|0〉 ± |1〉|1〉)/√2. And, one
can relabel these states[40] as |χ〉|λ〉, with χ = Φ,Ψ and λ = +,−, to define a different
subsystem decomposition. With respect to the latter decomposition, the EPR state is
unentangled, and has entropy zero.
So, subsystems – which in LQFT arise from spacetime and in quantum gravity must
arise from analogous mathematical structure on H – are prior to the definition of en-
tanglement. From this perspective, it is hard to see how spacetime could emerge from
entanglement.
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In a more familiar approach, spacetime structure – and presumably its quantum analog
– implies entanglement. For example, in LQFT and in typical low-energy states, if we
consider neighboring regions, the states are highly entangled between the regions. Here,
spacetime proximity implies entanglement. However, the converse is not true. We can have
an entangled EPR pair of widely-separated particles. We can observe that they are widely
separated relative to the structure of the underlying manifold. Or, this is also reflected in
the structure of the Hamiltonian – the Hamiltonian will not permit signaling (information
transfer) between the particles without a long time delay. Put differently, merely entangling
distant electrons doesn’t mean that we introduce couplings in the Hamiltonian that allow
them to directly interact; in fact the localization provided by the subsystem decomposition
is hardwired into the Hamiltonian, if it is local.
In short, entanglement is necessary, but not sufficient, for spacetime proximity. This
is explained through interplay of the subsystem structure and the Hamiltonian. In LQFT
localization is built into the theory in the algebraic structure, and is then reflected in the
structure of the Hamiltonian; it is not emergent. One expects similar statements to arise
in the full quantum theory, once the underlying subsystem structure of the gravitational
substrate is provided.
More specifically, Carroll and collaborators [4-6] have also recently been pursuing the
idea of describing quantum gravity in terms of structure on Hilbert space. However, there
are some notable differences from the present paper in how they approach the problem of
finding the mathematical structure of the theory. First, they assume subsystem decompo-
sitions arising from tensor factorization of the bigger Hilbert space, which this paper has
argued is seemingly problematic in a theory that matches onto LQFT plus gravity in the
correspondence limit. (Similar comments apply to [7,8].) Then there is the question of how
such a subsystem decomposition is specified. They suggest that one resorts to the work of
[41], which shows that a given Hamiltonian is not typically local with respect to a tensor
product structure, but if it is, the tensor product structure is typically unique. Thus, one
approach to specifying this product structure is simply to specify the Hamiltonian.14
It is not clear that these statements extend to the case of infinite-dimensional Hilbert
spaces, or to a case where the localization structure is not of the precise form arising in
tensor product factorizations of the Hilbert space; [41] points out some of the questions if
14 Of course there is an inherent problem in this approach for closed universes, as the Hamilto-
nian vanises.
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one only has an algebraic net of observables, and we have found gravity to be more subtle
still. But, beyond that, it seems more plausible and economical if a theory is specified by
first specifying the underlying mathematical structure providing localization – whether a
tensor product structure or a more general structure such as a gravitational substrate as
described above – and then describing a Hamiltonian that respects that structure. This is
analogous to how other quantum theories – from lattice models to field theories based on
an underlying manifold – are typically constructed in physics.
In addition, refs. [4-6] advocate that spacetime geometry arises from entanglement.
However, once one has specified the Hamiltonian, in their approach, one has already spec-
ified a notion of locality. Put succinctly, local Hamiltonians can produce nonlocal entan-
glement through evolution, so there is an inherent conflict in then using entanglement to
characterize localization.
A related question is that of disentangling the degrees of freedom on two sides of a
codimension-one boundary between spatial regions, denoted, say, “left” and “right” – such
as the two sides of Rindler space, or the two sides of an Einstein-Rosen bridge which has
been associated to a thermofield double[42]. Naively, one might expect that the Hilbert
space factorizes as H = HL ⊗ HR, and then by considering sufficiently entangled states,
we “build up” the connection between the left and right regions. However, at least if
one considers states governed by a hamiltonian of LQFT, H and HL ⊗HR should not be
thought of as the same Hilbert space; states of the latter have infinite energy. This connects
directly to the type-III property described above – infinite entanglement must be broken
to write a state as a simple left/right product. Perhaps, if gravity led to the modification
of introducing extra finite-energy UV degrees of freedom[43,44], such a separation could
be found.15 However, at present there doesn’t appear to be a compelling reason for such
degrees of freedom to exist, and rather quantum behavior of gravity seems to indicate
modifications to subsystem structure along the lines described.
Work related to ER=EPR[19,47] has also argued for an important role of complexity
in characterizing properties of gravity. Complexity of a state can be defined in terms
of the number of quantum operations needed to transition to that state. However, it
is assumed that only certain quantum operations are allowed, and the definition of the
15 This is also connected to puzzles about Wilson line operators running between such
regions[45], which also seem to indicate that factorization is problematic, or that such opera-
tors are state-dependent[46].
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allowed operations relies on the assumption of a particular subsystem decomposition. If
arbitrary unitaries are allowed, it is trivial to map any state onto any other state in a
single step.
The preceding discussion also connects to the proposal that quantum information,
say about the internal state of a black hole, is contained in “soft hair[24].” While the
story of soft hair is a pretty one, the existence of split structure (2.3) at leading order
in κ appears to argue against a role for this proposal[33], which involves the asymptotic
weak-field limit thus the leading linear-order perturbation hµν . The reason is that we have
found that a given matter distribution may be dressed with a gravitational field that only
depends on its Poincare´ charges. Of course other dressings exist, corresponding to different
configurations of soft hair, but those simply correspond to superposing different graviton
radiation fields on the dressed matter configuration. The information in the soft hair of
[24] – except that of the Poincare´ charges – is then independent of the information in the
matter. However, the question raised above regarding whether higher-order correlators of
operators can measure more details of the matter state doesn’t yet rule out the possibility
that there could be some “higher-order gravitational hair” that is sensitive to other details
of the matter configuration. This question requires more detailed analysis.
4. Outlook
This paper has assumed that a final quantum theory of gravity should be a theory
respecting sufficiently general postulates of quantum mechanics, and that the problem
of defining the theory is then to find the appropriate mathematical structure on Hilbert
space. A subsystem structure appears essential, to address concerns that were expressed
well by Einstein[14]: “if one renounces the assumption that what is present in different
parts of space has an independent, real existence, then I do not at all see what physics is
supposed to describe. For what is thought to be a ‘system’ is, after all, just conventional,
and I do not see how one is supposed to divide up the world objectively so that one can
make statements about the parts.” While in local quantum field theory such structure is
induced from the underlying spacetime manifold, gravity appears to behave differently.
If, as described, weak gravity is taken as a guide in the weak-field, correspondence limit,
the gauge symmetry of gravity indicates a different notion of localization than in field
theory. This paper has outlined some first modest steps towards finding a mathematical
structure, or gravitational substrate, that implements that localization structure, using
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these important clues from weak gravity. This has been based on a perturbative notion of
separability into subsystems that arises from gravitational split structure[33]. We thus see
important aspects of the perturbative structure of the theory, but a big question is how
these fit into a more complete nonperturbative structure
One may also comment that if large-N super-Yang Mills does indeed provide a quan-
tum theory of gravity through the AdS/CFT correspondence, this can plausibly be cast in
such a framework. Specifically, the former theory does have a Hilbert-space description,
and so part of the problem of understanding the hypothesized correspondence is to un-
derstand the mathematical structure on this that gives a description of bulk subsystems.
At the perturbative level in gravity, subsystems in AdS have a similar structure to that in
this paper, as has been preliminarily investigated in [39].
Next steps include studying generalization of this work beyond leading perturbative
order, and ultimately into a structure appropriate to the fully nonperturbative theory.
A closely related problem is that of determining the form of the evolution law based
on such a structure. Indeed, in a general quantum theory we can think of there being
different aspects to locality. The first is the notion we have been exploring of localization –
such as provided by tensor factorization of the Hilbert space or other subsystem structure
like has been described. The second is the notion of local propagation (or principle of
local action[14]), which is a statement restricting the speed at which the Hamiltonian can
transmit information between distant subsystems. Of course, in LQFT these are related
by the Poincare´ symmetries of the theory, such that localization of spacelike-separated
subsystems matches the statement that information cannot be transferred between these
subsystems; plausibly there is a similar relation in the more complete gravitational theory.
In order to respect quantum mechanics, the evolution law must be unitary – e.g.
yielding a unitary S-matrix in the context of states corresponding to asymptotically flat
boundary conditions. Given the challenges of describing unitary quantum black hole (BH)
evolution, this appears to be an important constraint. As a reminder, in an approximate
description of black holes, the Hilbert space factorizes as
HBH ⊗Henv , (4.1)
corresponding to states of the BH and environment. Then, if the Hamiltonian does not
allow transfer of information from HBH to Henv, and if HBH disappears as the black hole
evaporates, as LQFT appears to indicate, unitarity is violated.
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This paper has reviewed arguments that a factorization (4.1) is not quite correct when
one accounts for properties of gravity. However, subsystem structure that replaces (4.1)
has also been described. An important question is whether the gravitational modifications
to (4.1) that we have found are sufficient to resolve the unitarity problem – if nonlocality of
quantized GR resolves the unitarity crises, we may see it perturbatively here. For example,
while it has been noted that the leading-order description of standard dressing appears to
rule out the suggested[24] role of soft quantum hair, it may be that a different higher-order
effect leads to information about the internal state of a BH being accessible from outside.
While this remains to be explored more completely, we have not seen an indication that
the modifications to (4.1) are sufficient to restore unitarity. If perturbative modifications
to subsystem structure, i.e. localization, in gravity do not directly resolve the unitarity
problem, it appears that this provides an additional important clue about the nature of
evolution – plausibly the existence of additional couplings between subsystems that go
beyond quantized GR. The approach to modeling unitary evolution of BHs that has been
proposed in [48,2,49-51] has been to parameterize such couplings, of a form that doesn’t
violate our correspondence constraints. If this is the case, the necessity of consistent
quantum evolution of BHs is providing us significant additional information about the
nonperturbative structure of the theory.
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